Fas/CD95 is a key regulator of apoptotic signaling, which is crucial for the maintenance of homeostasis in peripheral lymphoid organs. TDAG51 has been shown to play critical roles in the up-regulation of Fas gene expression and T-cell apoptosis in vitro. In order to identify the role of TDAG51 in vivo, we generated TDAG51-deficient (TDAG51 ؊/؊ ) mice. Northern blotting revealed no expression of TDAG51 in TDAG51
؊/؊ mice, indicating that the TDAG51 gene was successfully targeted. TDAG51 ؊/؊ mice were healthy and showed no gross developmental abnormalities. While Fas-deficient mice display marked lymphadenopathy, splenomegaly, and lymphocytosis, TDAG51 ؊/؊ mice had no apparent defects in secondary lymphoid organs. Although
TDAG51 is required for up-regulation of Fas expression in T-cell hybridomas, TDAG51
؊/؊ mice expressed normal levels of Fas and had normal T-cell apoptosis. Therefore, we conclude that TDAG51 is not essential for Fas up-regulation and T-cell apoptosis in vivo. There are several known homologs of TDAG51, and these homologs may substitute for TDAG51 in TDAG51
؊/؊ mice.
Apoptosis, or programmed cell death, is an important regulatory process for many cell types. In particular, apoptosis plays a major role in the clonal deletion of developing T cells and the elimination of activated T cells in the periphery (8) . T-cell apoptosis is characterized by the expression of death cytokines, such as FasL and tumor necrosis factor, and their cognate receptors, such as Fas (CD95, Apo-1) and tumor necrosis factor receptor 1 (16) .
Activation of the Fas receptor on cells of the immune system and various other tissues results in cell death (13) . Fas is a type I membrane protein containing a death domain (DD) sequence in its cytoplasmic tail. The Fas DD tail binds to the cytoplasmic DD-containing adapter protein FADD (2) . FADD then activates the caspase cascade, leading to the characteristic proteolytic reactions of apoptosis (8, 13, 16) . Fas has also been shown to induce apoptosis via a FADD-independent mechanism, activating the Jun N-terminal protein kinase pathway through DAXX (19) . Furthermore, Fas has been shown to act synergistically with T-cell receptor signaling in the induction of T-cell apoptosis (18) . The role of Fas in vivo has been documented through the characterization of Fas-deficient mice (1, 3) . Fas-deficient mice display marked lymphadenopathy, splenomegaly, and lymphocytosis in immune tissues as well as infiltration of lymphocytes into lung and liver tissue. Although the mechanism and physiological significance of Fas-mediated apoptosis have been well documented, comparatively little is known about the regulation of Fas gene expression.
We have previously shown that T-cell death-associated gene 51 (TDAG51) regulates Fas expression and activation-induced apoptosis of T cells, suggesting that TDAG51 might be important for the regulation of the immune response (14) . The TDAG51 protein contains both a proline-glutamine (PQ) repeat domain and a proline-histidine (PH) repeat domain in its C-terminal region. Proteins containing the PQ domain might be important for transcriptional regulation and apoptosis in cells (5, 6, 10) . However, there is no clear evidence implicating TDAG51 in these processes. A recent report suggested that TDAG51 mediates Fas expression through protein kinase C activation (17) . Another candidate transcriptional activator of Fas expression is p53, which has been recently reported to bind to intron 1 of Fas and up-regulate its expression (12) . Although there appears to be a relationship between Fas expression and protein kinase C and/or p53 activation in vitro, the mechanism of Fas regulation in vivo is unclear.
In order to investigate the physiological role of TDAG51, we generated TDAG51-deficient mice using gene targeting techniques. We observed no differences between TDAG51 Ϫ/Ϫ mice and wild-type littermates up to 13 months of age. Furthermore, contrary to previous in vitro results, we found that TDAG51 is not essential for Fas expression and T-cell apoptosis in vivo.
MATERIALS AND METHODS

Generation of TDAG51
؊/؊ mouse. The genomic region of TDAG51 was cloned from a 129/Sv mouse genomic lambda phage library by using a full-length TDAG51 cDNA as a probe. To make the gene targeting construct, long and short homology fragments were ligated into the pPNT vector. The long homology fragment was a 10.0-kb portion of the 3Ј untranslated sequence, and the short homology fragment was a 3.2-kb portion of the 5Ј flanking sequence. Homologous recombination in embryonic stem (ES) cells produced a deletion of approximately 3.0 kb that contained the entire coding region of TDAG51. The CJ7 ES cells (7) were cultured on mouse embryonic fibroblast feeder layers in Dulbecco's modified Eagle medium containing 15% fetal calf serum and 1,000 U of leukemia inhibitory factor per ml. The ES cells were electroporated with 50 g of linearized targeting vector using a Bio-Rad electroporater (220 V and 960 F). Transfected cells were cultured with 200 g of G418 (GIBCO/BRL) per ml and 0.2 M ganciclovir (Roche Laboratories) for 7 to 9 days. After selection, 150 colonies were picked and further analyzed by Southern blotting. Five correctly targeted clones were obtained, and two of them were microinjected into blastocysts from C57BL/6J mice. Founders were bred with C57BL/6J mice to test for germ line transmission.
Northern hybridization and quantitative reverse transcription (RT)-PCR. RNAs were prepared using TRIZOL reagent (GIBCO/BRL). Northern blots containing 20 g of total RNA of each sample were incubated with hybridization solution (50% formamide, 1ϫ Denhardt reagent, 0.5% sodium dodecyl sulfate [SDS], 50 mM phosphate buffer, 5ϫ SSC [1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate], and single-stranded DNA [100 g/ml]) containing [␣-
32 P]dCTPlabeled probe for 16 h at 42°C. The probe was a fragment of the TDAG51 cDNA corresponding to the N-terminal region (amino acids 1 to 100). For high-stringency blots, the filters were rinsed in 2ϫ SSC-0.5% SDS at room temperature and then in 0.5ϫ SSC-0.5% SDS at 55°C, with a final wash in 0.1ϫ SSC-0.5% SDS at 65°C. For low-stringency blots, the filters were washed in 2ϫ SSC-0.5% SDS at room temperature and then in 0.5ϫ SSC-0.5% SDS at 50°C, with a final wash in 0.1ϫ SSC-0.5% SDS at 50°C.
For RT-PCR, total RNAs (10 g) were used for the RT reactions. Quantitative PCR was performed as described previously (14) .
Flow cytometry. Cells were stained and analyzed for expression of T-or B-cell surface markers on a FACScan flow cytometer (Becton Dickinson) as described previously (14) . 3 H]thymidine for 16 h. The apoptosis assay was described previously (14) . In brief, LN-derived cells were cultured with ConA (5 g/ml) and interleukin 2 (IL-2) (10 U/ml) for 48 h, washed, and then further incubated with IL-2 (50 U/ml) for 48 h. These LN-derived T cells were subjected to activation-induced apoptosis on 96-well plates coated with mouse anti-CD3 antibodies (0 to 10 g/ml) and further cultured for 48 h. After culture, the cells were incubated with propidium iodide (1 g/ml), and dead cells were counted with a FACScan flow cytometer.
RESULTS
Generation of TDAG51
؊/؊ mice. To investigate the role of TDAG51 in vivo, we cloned mouse genomic DNA of TDAG51. The TDAG51 gene consists of two exons. The first exon contains the entire open reading frame, and the second exon is a very short fragment located in the 3Ј untranslated region of TDAG51 (Fig. 1A) . We constructed a replacement vector that would delete the entire first exon of TDAG51 (Fig.  1A) . The TDAG51 gene-targeting vector was electroporated into ES cells and selected for resistance to G418 and ganciclovir. After selection, 150 drug-resistant colonies were analyzed by Southern blotting. We obtained five independent clones that had correctly targeted the TDAG51 genomic locus (Fig.  1B, left panel) . To test for single-copy gene integration, the five clones were analyzed by Southern blotting with a neo gene probe (data not shown). Two positive ES clones were microinjected into blastocysts from C57BL/6J mice. The offspring carrying the construct were crossed with C57BL/6J mice. In crosses of heterozygous mutant mice, there were offspring of all three possible genotypes in normal Mendelian ratios (Fig.  1B, middle panel and right panel) . To check for TDAG51 expression in the targeted mice, we carried out Northern blot analysis with total RNA derived from liver that expresses a high level of endogenous TDAG51 (14) . The TDAG51 Ϫ/Ϫ mice had no expression of TDAG51 mRNA, but the wild-type and heterozygous mice had high levels of expression (Fig. 1C) .
Thus, TDAG51 was specifically disrupted, and the TDAG51 Ϫ/Ϫ mice were correctly generated. The TDAG51 Ϫ/Ϫ mice did not show any embryonic abnormality, and the overall morphological phenotype of the adult mice was indistinguishable from that of their wild-type littermates (data not shown).
Analysis of immune responsive cells in TDAG51
؊/؊ mice. We examined the lymphoid organs of TDAG51 Ϫ/Ϫ mice and found that they had no detectable abnormalities of the LN and spleen compared to their wild-type littermates. Furthermore, the counts of total white blood cells (WBC) were the same for TDAG51 Ϫ/Ϫ mice and controls (Table 1) . To examine the possibility that there were abnormalities in specific subpopulations of T or B cells in TDAG51
Ϫ/Ϫ mice, we stained cells derived from immune responsive organs with fluorescenceconjugated mouse antibodies and analyzed them by flow cytometry. When we stained cells derived from the spleens and LNs of TDAG51 Ϫ/Ϫ mice with PE-conjugated B220 antibody and FITC-conjugated CD3 antibody, the ratios of T cells (CD3 ϩ ) and B cells (B220 ϩ ) were similar to those of the wild-type and heterozygous mice ( Table 1) . We also examined T-cell subpopulations based on their expression of CD4 and CD8. There were no differences between the double-positive (CD4 ϩ CD8 ϩ ), double-negative (CD4 Ϫ CD8 Ϫ ), and single-
mice and controls (Table 1 ). In addition, we examined populations of CD46 ϩ , T-cell receptor ␣␤ ϩ , CD11b ϩ , CD11c ϩ , immunoglobulin M ϩ , and immunoglobulin D ϩ cells, but these cells yielded similar results (data not shown). Taken together, we did not find any differences in the patterns of surface markers in TDAG51 Ϫ/Ϫ mice. We further analyzed the proliferation of T and B cells activated by ConA or LPS, respectively, in the presence of (Fig. 2A) . The proliferation of B cells was also not significantly different compared to that in their wild-type littermates (Fig.  2B) . We concluded that the subpopulations and proliferation of T and B cells are not affected by loss of TDAG51.
Effect of TDAG51 on Fas expression. To determine whether TDAG51 is essential for Fas expression, we analyzed the level of Fas expression in TDAG51 Ϫ/Ϫ mice (Fig. 3) . Cells derived from LNs and spleens were stained with PE-conjugated antiFas antibody or FITC-conjugated anti-CD4 and -CD8 antibodies and analyzed using FACScan flow cytometry (Table 1) . Although TDAG51 is a critical factor for the expression of Fas in vitro, the level of Fas expression was not significantly altered in TDAG51
Ϫ/Ϫ mice. Therefore, we further analyzed the Fas expression level in T cells activated by anti-CD3 antibody. However, when LN-derived T cells were activated by anti-CD3 antibody, we did not find any significant difference in Fas expression (Fig. 3A) . To test the transcriptional regulation of Fas in TDAG51
Ϫ/Ϫ mice, we analyzed Fas expression by Northern blot analysis (Fig. 3B) . The levels of Fas expression in the liver, which is the predominant site of endogenous Fas expression, were very similar in TDAG51 Ϫ/Ϫ mice and wildtype littermates. In addition, we used quantitative RT-PCR to analyze the expression patterns of Fas in other tissues. Fas expression in TDAG51 Ϫ/Ϫ and wild-type mice showed no significant differences in thymus, spleen, LN, liver, lung, kidney, and brain tissues (Fig. 3C) . Taken together, we conclude that TDAG51 is not essential for the expression of Fas in vivo.
Apoptosis in TDAG51 ؊/؊ mice. We previously demonstrated that KCIT1-8.5 cells, which express very little TDAG51, are resistant to activation-induced apoptosis, suggesting that TDAG51 might be important for activation-induced apoptosis of T cells (14) . To determine the role of TDAG51 in activation-induced apoptosis of T cells in vivo, cells derived from LN were activated with ConA and IL-2 for 48 h and further incubated with IL-2 for 48 h. These T cells are cultured on anti-CD3-coated plates for 48 h and subjected to a cell death assay based on propidium iodide staining. We found no significant differences between TDAG51 Ϫ/Ϫ mice and their wild-type littermates (Fig. 4A) , even though TDAG51 was highly activated by anti-CD3 stimulation in wild-type mice but not in TDAG51 Ϫ/Ϫ mice (Fig. 4B) . In summary, TDAG51 is not essential for T-cell apoptosis in vivo, even though it plays a key role in apoptosis in vitro. Total RNAs (10 g) derived from each tissue were prepared and incubated with reverse transcriptase. The cDNA was subjected to quantitative PCR using primers for TDAG51, Fas, or actin. Abbreviations: Th, thymus; Sp, spleen; Li, liver; Lu, lung; He, heart; Ki, kidney; Br, brain.
DISCUSSION
We previously cloned the TDAG51 gene cloned by differential display between KMls-8.3.5 T-cell hybridoma and a KCIT1-8.5 mutant that is not susceptible to activation-induced apoptosis due to decreased Fas expression (14) . We demonstrated that this KCIT1-8.5 mutant, when transfected with wild-type TDAG51, becomes susceptible to Fas expression and activation-induced apoptosis of T cells, indicating that TDAG51 is a critical regulator of Fas expression and activation-induced apoptosis of T cells in vitro. Evidence from other in vitro studies also suggested that TDAG51 plays a key role in Fas up-regulation and apoptosis in T cells (6, 17) . Although these results strongly suggest that TDAG51 has a role in activating Fas expression in vitro, the specific inductive mechanism in vivo had not been identified.
To address this issue, we generated TDAG51 Ϫ/Ϫ mice and tested whether the TDAG51 gene is a key factor in the regulation of Fas expression and apoptosis. TDAG51 Ϫ/Ϫ mice had no gross abnormalities. In contrast, Fas-deficient mice showed dramatic phenotypes in the LN and spleen, with the development of lymphadenopathy and splenomegaly (1, 3, 13) . The abnormal T cells, which include Thy1 ϩ , B220 ϩ , CD4 Ϫ , and CD8 Ϫ populations, accumulated in these immune responsive organs of Fas-deficient mice. Based on these results, we expected that TDAG51
Ϫ/Ϫ mice would show a phenotype similar to that of Fas-deficient mice, because TDAG51 is a critical regulator of Fas expression in vitro. Contrary to our expectation, TDAG51 Ϫ/Ϫ mice had no detectable abnormalities in their LN, spleen, or WBC counts. Thus, in vivo, TDAG51 is not necessary for Fas expression and T-cell apoptosis. Therefore, we report here that TDAG51-deficient mice exhibit no obvious phenotype, and TDAG51 is not a critical factor for Fas expression and T-cell apoptosis.
Several possibilities could account for the absence of phenotype in TDAG51 Ϫ/Ϫ mice. One simple explanation is that loss of TDAG51 may be compensated for by other TDAG51 homologs. Recent reports have identified a TDAG51 homolog (IPL/Tssc3/BWR1C) related to parental imprinting (9, 11, 15) , which shows ϳ44% amino acid identity to TDAG51. IPL (imprinted in placenta and liver), also known as Tssc3, was identified as a parental imprinted gene. The same gene was also identified as BWR1C, as it was identified in a screen of the human chromosome region 11p15.5, near the BeckwithWiedemann syndrome locus. Another TDAG51 homolog, Tih1 (TDAG51/IPL homolog 1), which shows ϳ44% amino acid identity to TDAG51, is not an imprinted gene (4) and has no clearly identified role in vivo. When the newly finished human genome sequence was blasted with TDAG51, we failed to find additional members other than IPL and Tih1. The answer to whether there are additional members in the TDAG51/IPL/Tih1 family requires, however, further investigation. The generation of mice deficient in other TDAG51 homologs in the future will enable us to ascertain whether TDAG51 is genetically redundant to other homologs that control Fas expression and apoptosis in vivo.
